Experimentally measured conical emission rings on the blue side of the filament supercontinuum of a 800 nm 50 fs pulse in air are reproduced in simulations with plasma and the third-order Kerr as the nonlinear terms. This agreement indicates plasma as the dominant mechanism arresting the self-focusing collapse. The higher order Kerr terms with the recently measured coefficients stop the collapse at a lower intensity than the plasma does and lead to the spherical angle-wavelength spectrum without blueshifted rings.
Launching a femtosecond pulse into atmospheric density gas to form a filament assumes at least a few millimeters of initial beam diameter supporting the power above 10 GW with a peak intensity of ≈1 TW=cm 2 [1] . The higher initial intensity is possible in the vacuum setup [2] . In the free propagation regime, the beam converges due to self-focusing until the collapse is stopped by either a normal group-velocity dispersion (NGVD), or the medium nonlinearity [1] [2] [3] [4] [5] [6] [7] . Within the 7 fs rising front of the self-compressed pulse in gases [1, 4] , the instantaneous higher order Kerr effect or the ionization can limit the intensity at ≈30 [7] or ≈70 TW=cm 2 [1, 8, 9] , respectively. To our knowledge, measurement of the peak intensity in the air filament has not been done unambiguously so far. If the higher order Kerr terms arrest the collapse, but not the plasma, then 1 order of magnitude fewer free electrons are produced [7] , which is important for applications requiring long plasma channels [1] and for understanding the physics of filamentation [1, 2, 7] .
In this Letter we identify the mechanism arresting the collapse of femtosecond pulses in air based on the qualitatively observed effect-the threshold appearance of conical emission rings on the blue side of the supercontinuum [1] . By measuring the transverse distribution of these rings diverging from the filament and simulating the angle-wavelength spectrum of the pulse, we find that in these conditions plasma defocusing is likely to be responsible for preventing the peak intensity from infinite growth.
Ti:sapphire 50 fs, 800 nm, 6:6 mJ laser pulses with 3:5 mm FWHM collimated beam diameter and 10 Hz repetition rate formed a single filament in a 25 m long corridor. The filament was interrupted at the given position with a fused silica wedge. A weak reflected radiation was sent to a white diffuser and then to a CCD camera located at ≈90 cm from the wedge. A 10 nm wide transmission window was centered at either 800 or 700 nm to study the beam patterns at the fundamental or the conical emission wavelength, respectively. The N 2 fluorescence signal was measured from the side of the filament using a photomultiplier with a UG11 filter The propagation equation for the light field complex amplitude Eðr; z; τÞ is given by [1, 5] 
where Δ ⊥ ¼ r −1 ∂=∂rðr∂=∂rÞ is a Laplacian,T AE ¼ 1 AE ði= ω 0 Þ∂=∂τ, k 0 is a wavenumber for λ 0 ¼ 800 nm, n 0 ≈ 1 in air, k 00 ≈ 0:16 fs 2 =cm, k 000 ≈ 0:07 fs 3 =cm are normal dispersion coefficients, τ is the local time, the intensity is I ¼ cn 0 jEj 2 =ð8πÞ, and α is the ionization energy loss. The Kerr refractive index Δn k is written as either
, further referred to as the higher order, the reduced higher order, or the standard model, respectively. The coefficients n 2 ÷ n 8 (n 2 ; n 6 > 0, n 4 ; n 8 < 0) were taken from [7] , yielding the critical power for self-focusing P cr ¼ 3:77λ 2 =ð8πn 0 n 2 Þ ¼ 8 GW. For all three cases of the Kerr response, the plasma index Δn k is included into the simulations as Δn p ðr; z; tÞ ¼ −2πe
2 N e ðr; z; tÞ=ðn 0 m e ω 2 0 Þ, where the free electron density N e is calculated from the rate τ [8] with the effective charge values to quantitatively fit the experimentally obtained ion yield in O 2 and N 2 [9] . The initial Gaussian pulse (50 fs FWHM, 6:6 mJ, 3:5 mm diameter) propagates freely in air. Collimated beam geometry is important in both the experiment and simulations to identify the distance at which the purely self-focusing collapse is arrested by a counteracting nonlinearity and to minimize the plasma effect on the propagation. Note that in the case of geometric focusing, the electron density and the relative role of the plasma increase [1] . The simulated frequency spectrum Sðr; λ; zÞ was integrated over the ranges 695-705 and 795-805 nm to fit with the beam patterns measured with filters having a spectral width of 10 nm. The free 90 cm propagation from the wedge to the CCD camera was taken into account in the simulations. This results in broadening of the transverse distributions without qualitative changes in the beam profile.
The N 2 fluorescence signal [Figs. 1(a) and 1(b), squares] is reproduced quantitatively in terms of the appearance at z ≈ 8:7 m and qualitatively in terms of the overall width by the simulated peak intensity from both the standard [ Fig. 1(a) , triangles] and the higher order Kerr [ Fig. 1(b) , circles] models. Agreement between the measured and simulated starting positions proves a whole-beam self-focusing from a Gaussian beam to be good enough to imitate the experiment. The higher order case yields a very flat intensity distribution as compared to the fluorescence and suggests that the filament is stable for one extra meter [ Fig. 1(b) , circles, z ¼ 9:75-10:75 m]. Similar disagreement between the higher order Kerr simulation and the experiment was obtained in [2] . The measured transverse rings at 800 nm [ Fig. 1(c) ] agree with both the standard [ Fig. 1(d) ] and the higher order Kerr [ Fig. 1(e) ] models. The on-axis plasma density is 2 × 10 16 or 5 × 10 14 cm −3 for the standard or the higher order Kerr model, respectively. For the 700 nm spectral component, the standard model reproduces both the local maximum in the beam center and the conical ring [ Figs. 1(f) and 1(g) ]. Our interest is in the blueshifted ring, because in bulk media it is the result of the thresholdlike and localized self-action effect, namely, the arrest of infinitely growing intensity by counteracting nonlinear effects caused by the same intensity [1] . Instead, the on-axis blueshifted radiation may be accumulated gradually [10] and be essentially pronounced due to crossaction effects as well [11] . The 700 nm ring intensity is 0.13 and 0.23 of its on-axis maximum in the standard simulations and the experiment, respectively. The simulated ring contains ≈0:1% (6 μJ) of the initial pulse energy, close to 8:6 μJ in the experiment [Figs. 1(f) and 1(g)].
Geometric focusing leads to the 700 nm ring energy increase to 14 μJ in the standard model [ Fig. 1 , triangles in the profile below panel (g)]. In the higher order model [7] , the 700 nm ring is not obtained down to 10 −5 of the maximum intensity [ Fig. 1(h) ]. However, the 700 nm ring appears in a threshold-like manner if the value of jn4j from [7] is decreased by a factor of 5 [ Fig. 2(a) , circles, inset]. A factor of 1.5 decrease of jn4j as well as a factor of 8 decrease of n 6 , jn4j does not induce 700 nm rings [ Figs. 2(b) and 2(c), circles] . Thus, the standard model reveals the observed blueshifted ring, while the higher order Kerr model [7] does not. This points to the plasma defocusing as the major mechanism arresting the collapse in the present conditions. 
The delayed plasma response in combination with the instantaneous third-order Kerr response [12] lead to asymmetric refractive index temporal profile becoming negative by τ ≥ 15 fs [ Fig. 2(d) , rhombs]. A selfcompressed 7 fs pulse with peak intensity of ≈70 TW=cm 2 , at which point the ionization stops selffocusing, is formed [ Fig. 2(d) , filled profile]. The inclusion of the higher order Kerr terms [7] leads to almost or fully symmetric pulse shape with more than 25 fs duration [Figs. 2(e) and 2(f)] and peak intensity below ≈40 TW=cm 2 . The angle-wavelength spectrum of the filament is in the form of the conical emission or the X-pulse typical for the medium with NGVD [1, 3, 13] [ Fig. 3(a) ]. The angular distribution of the intensity at λ < 750 nm has both the on-axis maximum and the surrounding ring (at ∼0:1°), while for λ > 800 nm the seed for the conelike structure is seen at ∼940 nm [ Fig. 3(a) ] [1, 14] . The angle-wavelength spectra for the higher order model . Thus, simulation of filamentation in air at 800 nm with the higher order Kerr terms leads to the angle-wavelength spectrum typical for weakly anomalous GVD regime [13] and contradicts the conelike spectra in our and previous [1, 14] experiments.
In conclusion, the conical rings observed in air on the blue side of the filament supercontinuum are well reproduced in the standard simulations based on the plasma mechanism arresting a femtosecond pulse collapse.
The N 2 fluorescence measured along the filament is qualitatively reproduced by both the standard and the higher order Kerr models [7] . The self-focusing collapse arrested by the plasma leads to the X-shaped (conical) angle-wavelength spectrum in both the experiment and the simulations. If in the simulations the higher order Kerr terms arrest the collapse instead of the plasma, the angle-wavelength spectrum becomes O-shaped (spherical) without the blueshifted rings. This is in contradiction with the normal GVD of air at 800 nm used in the experiment. Finally, the 7 fs self-compressed pulse [1, 4] able to generate high harmonics in gases [15] is obtained from the model based on the plasma-arrested collapse. Fig. 3 . (Color online) Angle-wavelength spectra simulated based on (a) the standard, (b) the reduced, and (c) the full higher order Kerr models. The equal-intensity contours are numbered according to logðS=S max Þ, where S max is the maximum at 800 nm for each spectrum. Distance z ¼ 9:1 m.
